Abstract; Apoptosis, a form of programmed cell death, is a pivotal defense against cancer and is essential in maintaining tissue homeostasis. Many diseases including cancer have been associated with aberrantly regulated apoptotic cell death, thus elucidation of events associated with both apoptosis and carcinogenesis provides the opportunity for dietary intervention with the plethora of bioactive components in the diet. Apoptosis occurs primarily through two well-recognized pathways in cells including the intrinsic, mitochondrialmediated pathway and the extrinsic, death receptor-mediated pathway. Dietary components can modulate apoptosis through effects on protein expression and function, mRNA expression, and on the human genome, either directly or indirectly, to modulate gene expression. Thus, apoptosis is an emerging target of dietary bioactive agents. However, apoptosis is a complex process, with numerous specific targets within each pathway that may or may not overlap. Furthermore, biological systems are also extremely complex and exhibit properties that extend far beyond observations associated with each independent cellular process. This is further complicated by the temporal nature of many of these effects. As a result, it is critical to evaluate the entire biological system from the nutrigenomics perspective to include critical evaluation of DNA polymorphisms or SNPs of a gene, expression of that specific gene, expression of specific processed mRNA (alternative splicing), protein production from that mRNA, post-translational modification of the resultant protein, and formation of respective metabolites. Evolution of the fields of nutrigenetics, epigenomics, transcriptomics, proteomics, and metabolomics has begun to permit this approach so that a comprehensive picture emerges from not only a single cell but tissues and whole organisms. Studies such as these can ultimately be used to study tumors to understand the molecular events that accompany carcinogenesis and perturbations that occur during cell death processes and how an individual's response to diet can impact these processes.
INTRODUCTION
An accumulating body of scientific evidence suggests that many cancers are preventable, especially since diet and nutrition are key factors in the modulation of cancer risk [1] . In fact, dietary habits are estimated to contribute to 35% of all human cancers and as high as 70% for some cancers [2, 3] . The capacity of diet with its thousands of inclusive bioactive molecules to independently alter gene and protein expression is generally well-accepted [4] . The recent elucidation of the 25,000 or so genes in the human genome and the greater than 100,000 functionally distinct proteins produced from these genes has suggested myriad potential influences and interactions. Moreover, the inherent variations of single genes within the population also contribute greatly to potential differences in responses to nutritional intervention. Exploring and defining the relationships between the genetic complement of an individual, the genes contained, the gene products, the metabolites formed, and the thousands of components of the diet are critical in determining not only those at risk for disease but also in determining those most likely to benefit through specific alterations in dietary habits [5] .
The study of nutrigenomics encompasses such a blend of multiple contributing factors to human nutrition permitting comprehensive assessment of individual responses to diet at the molecular level. These can be subdivided into the areas of nutrigenetics, nutritional epigenetics, proteomics, and metabolomics [6] . Emerging evidence suggests that dietary components can influence numerous cellular processes within each of these disciplines that are critical to cancer evolution. For example, one key process frequently altered in carcinogenesis is apoptosis, a form of programmed cell death, and emerging data have shown dietary bioactive agents can modulate apoptosis although the means of regulation has been less clear particularly regarding epigenetic influences [4] . Indeed, proof-ofprinciple studies are needed to provide scientific confirmation that previously unproven experimental therapies actually confer therapeutic effects in animal models specifically within the context of *Address correspondence to this author at the Department of Nutrition, Arizona State University, 7001 E. Williams Field Road, Mesa, AZ 85212, USA; Tel: 480-727-1728; E-mail: keith.martin@asu.edu apoptosis. In this manner, proof-of-principle studies provide the first measurable evidence that an experimental therapy might also work in humans by altering apoptosis or programmed cell death.
Aberrantly regulated apoptotic cell death is a hallmark in the pathogenesis of cancer. Conversely, appropriately regulated apoptosis is a potent defense against cancer since this process eliminates neoplastic cells [7] . As a result, intense interest has been focused on illumination of the basic mechanisms associated with apoptosis and has lead to formulation of numerous therapeutic strategies to prevent or treat cancer. Most key molecules in cellular apoptosis regulation have been identified and can be targeted by therapeutic strategies. Aside from pharmacological agents, an additional, obvious approach is nutritional modulation of cancer through the diet with its thousands of bioactive components and their interaction with molecular targets and processes [8, 9] . Apoptosis is a complex process with numerous points of potential modulation including RNA, DNA, and protein. Thus, a logical cancer preventive approach would be dietary consumption of bioactive components with subsequent induction of apoptosis at any one or more of the myriad apoptotic pathway targets. As a result, it is critical to better understand the process of apoptosis and the molecular targets that may be modulated.
DEFINITION AND BIOCHEMISTRY OF APOPTOSIS
Deregulated apoptosis has been implicated in cancer and is estimated to contribute to approximately half of all medical illnesses. Apoptosis is a distinct biochemical process necessary for maintenance of tissue homeostasis and eliminates single cells that are aged, dysfunctional, or damaged by external stimuli, as well as potentially deleterious cancer cells. To distinguish this process from other forms of cell death such as autophagy, oncosis, and necrosis, apoptosis has further been defined as a sequence of events with a specific morphology that is based on cellular metabolism leading ultimately to cellular death. Apoptosis is phenotypically and morphologically characterized by chromatin condensation, nuclear fragmentation into mono-and oligonucleosomal units, cell shrinkage, and plasma membrane blebbing followed by macrophagic engulfment to prevent inflammation. The distinctive phenotypic morphology has lead to the term apoptosis, which is Greek for "falling of the leaves" to describe these observations.
REGULATION OF APOPTOSIS
Compelling evidence suggests that dietary bioactive agents may trigger apoptosis through numerous intracellular molecular targets, as well as by both intra-and extracellular stimuli including DNA damage, cell cycle disruption, hypoxia, detachment of cells from their surrounding tissue, and loss of trophic signaling [10] . Apoptosis occurs via many purported routes but primarily there are two wellrecognized pathways in cells [11, 12] . These include the intrinsic mitochondria-mediated pathway and the death receptor-mediated extrinsic pathway, which involves interaction between death receptors such as TRAIL, TNFR1, and FasL (Fig. 1) . The intrinsic pathway is characterized by alterations in mitochondrial polarization and release of mitochondrial proteins including cytochrome c, endonuclease G, Smac (secondary mitochondria-derived activator of caspase)/DIABLO (direct inhibitor of apoptosis protein (IAP) binding protein with low pI), Omi/HtrA2, apoptosis-inducing factor (AIF), and its homolog AIF-homologous mitochondrion-associated inducer of death (AMID) all of which may be targeted by dietary agents [10] . Cytochrome c released to the cytoplasm during apoptosis can bind and activate Apaf-1 (apoptotic protease activating factors) promoting binding and activation of procaspase 9, an initiator caspase. Subsequently, procaspases can be cleaved to form effector caspases such as caspases 3, 6, and 7 and trigger apoptosis.
Alteration of mitochondrial Bcl-2/Bax protein ratios are potential molecular targets because both are integrators of concurrent cellular pro-death and pro-survival signals. This balance influences cellular fate and whether the cell dies or not depending on the release of apoptogens from the mitochondria. Other proteins with similar Birc (baculoviral inhibitor of apoptosis repeat-containing) gene homology domains are targets and include death suppressors including Bcl-2 and Bcl-xL, IAP family and the external death receptor-mediated pathways. Bioactive agents that bind or interfere with IAP, as well as other protein targets, may prevent the anti-apoptotic function in favor of apoptosis [13] .
The extrinsic apoptosis pathway is triggered by members of the TNF (tumor necrosis factor) receptor superfamily of almost twenty cytokine receptors consisting of TNFR1, Fas, and TRAIL (TNFrelated apoptosis inducing ligand). These proteins recruit adapter proteins including FADD to cytosolic death domains with subsequent binding to pro-caspases, i.e., caspase 8. These contain a protein interaction motif (the death effector domain or DED) that binds a complementary domain in FADD. Next, protein/protein interactions involving death domains lead to intracellular recruitment of the deathinducing signaling complex (DISC) and activation of the initiator caspases 8 and 10 [14] .
NUTRIGENETICS: NUTRIENTS, GENETICS, AND APOPTOSIS
Nutrigenetics explores the effects of nutrients on stable changes in gene expression that do not involve DNA mutation and includes the study of individual genetic variations, which contribute greatly to individual and population-based responses to diet [15] . At this time, over 3 million SNPs, single nucleotide polymorphisms, are estimated to occur with one appearing every ~1500 base pairs primarily as a replacement of cytosine with thymine. SNPs may occur anywhere in the genome with either little influence or with marked alteration of gene expression, alternative splicing of genes, and function of transcription factors, which can subsequently affect cancer biology and apoptosis.
Polymorphism in Methylenetetrahydrofolate Reductase (MTHFR)
Currently there are 50-100 genes involved either directly or indirectly in folate metabolism including receptors, binding proteins, enzymes, tissue specific gene products, and downstream factors that rely upon folate-derived metabolites [16] . Severe folate deficiency in humans is associated with an increased incidence of several forms of cancer such as colorectal cancer largely through increased genomic instability and altered programmed cell death (or apoptosis). A polymorphism in MTHFR, which causes the substitution of cytosine to thymine at nucleotide 677, is the most common SNP variant known in folate metabolism occurring in 5-20% of the population worldwide. Homozygous individuals have a 30% reduction in enzyme activity and reduced conversion of 5,10-methylene tetrahydrofolate to 5-methylene tetrahydrofolate, the form that circulates in the plasma supporting increased need for dietary folate to maintain tissues levels [17] .
The MTHFR polymorphism has been associated with apoptosis. For example, in a study of the etiology of orofacial clefting, RNA interference technology was used to silence the MTHFR gene product in primary cultures of murine embryonic palatal mesenchymal cells. In these cells, gene silencing caused increased apoptosis in deficient cells when compared to control cells. Supplementation with folic acid prevented the teratogenic effect of MTHFR gene silencing [18] . In a study of postnatal brain development, mice with a homozygous knockout of the MTHFR gene displayed reduced size of the cerebellum and cerebral cortex, which was attributed, in part, to increased cell death or apoptosis. Supplementation of MTHFR(+/-) dams with an alternate methyl donor, betaine, reduced these abnormalities in the homozygous progeny suggesting a role for MTHFR in apoptosis and brain function [19] . In a human study, subjects with two genetic MTHFR polymorphisms (677C>T and 1298A>C) were compared regarding increased risk for chronic lymphocytic leukemia (CLL) and predicted disease progression. Progression-free survival was significantly longer in patients displaying the MTHFR 677CC and the MTHFR 1298A/C or CC genotypes. Moreover, spontaneous apoptosis of CLL cells in vitro was significantly increased in the group with MTHFR 677CC and MTHFR 1298AC polymorphisms. For those with the MTHFR haplotype (677CC plus 1298CC or A/C), the combination was the best independent prognostic factor for cancer prognosis. Collectively, there appears to be a potential link between specific SNPs of MTHFR, cancer, and apoptosis although more research is needed to better define this relationship.
Polymorphisms of Glutathione Peroxidase
Glutathione peroxidase (Gpx) is a second commonly occurring SNP and is functionally dependent, in part, on dietary selenium. A role for selenium in the prevention of cancer continues to surface in the literature. Some of the effects may relate to the incorporation of selenocysteine in antioxidant enzyme systems such as Gpx [20] . Cytosolic Gpx polymorphisms are associated with increased cancer risk and the loss of one of the copies of this same gene may contribute to malignant progression and metastasis [21] . These data along with differential expression patterns reported, in part, for the other 25 known selenoproteins in tumor versus normal tissues support a role for selenoproteins in the protection by selenium specifically in liver, prostate, colorectal and lung cancers [22] .
Inadequate dietary selenium is linked to increased apoptosis. As a result, supplementation of individuals with deficient dietary intakes should exhibit enhanced antioxidant protection due to increased expression of the selenoprotein Gpx and thioredoxin reductase [23] . Moreover, higher levels of selenium supplementation can be expected to affect other functions related to tumorigenesis including carcinogen metabolism, immune function, cell cycle regulation, and apoptosis [23] . It has been proposed in studies using genetically altered mice deficient in Gpx that selenium deficiency can trigger an inflammatory cascade and ultimately contribute to inhibition of hydroperoxide-mediated apoptosis suggesting a relationship between Gpx isoforms and apoptosis [24] . Exaggerated exposure to selenium can also induce apoptosis. For example, exposure of prostate cells to selenium as methylseleninic acid or selenite has been reported to lead to DNA fragmentation and caspase-mediated cleavage of poly(ADPribose (PARP) associated with apoptosis [25] .
Cytochrome P450 and GST Polymorphisms
Cytochrome P450 is a large gene family encoding a large number of enzymes that mediate the metabolism of carcinogens, endogenous substrates, and dietary components [26] . As a result, polymorphisms in the CYP genes can potentially modify individual responses to diet and ultimately cancer risk. For example, cigarette smoke places some smokers with specific CYP 1A1 polymorphisms at greater risk for cancer. In contrast, bioactive components of cruciferous vegetables can increase CYP1A1 activity altering metabolism and decreasing cancer risk. It is possible that the effect of bioactive components on pathways such as apoptosis depends on the isoform since expression of some isoforms increase cancer risk with carcinogen exposure while others decrease risk [9, 27] . Moreover, dietary isothiocyanates can induce apoptosis of pre-cancerous cells and tumor cells through activation of caspase-8 and potentiation by JNK1 and can be affected by GST SNPs [28] . In case-control studies, leukemogenesis in children was associated with DNA variants in genes associated with these pathways and the combination of genotypes seemed to be more predictive of risk than either of them independently [29] .
EPIGENETICS: NUTRIENTS, GENOMICS, AND APOPTOSIS
The field of epigenetics is the study of modifications of DNA and DNA binding proteins that alter the structure of chromatin without altering the sequence of DNA nucleotides and include DNA methylation, histone modifications, alteration of methyl-CpG binding proteins and modulation of chromatin remodeling proteins, which all influence interactions with transcription machinery and consequently gene expression [30] . Dietary components including both nutrients and non-nutrients play essential roles in these epigenetic events with heritable changes occurring in gene function via methylation of newly synthesized DNA by 5-cytosine DNA methyltransferase (DNMT). Folate participates in the generation of S-adenosyl methinonine (SAM), which functions as a donor in the methylation of cytosine residues in DNA and is associated with gene silencing. Covalent attachment of biotin to histones (DNA-binding proteins) also plays a role in gene silencing and in the cellular response to DNA damage, a process linked closely to apoptosis. Lastly, tryptophan and niacin are converted to NAD which is a substrate for PARP of histones and other DNA-binding proteins. PARP of these proteins participates in DNA repair and apoptosis. Clearly, epigenetics can regulate gene expression and affect apoptosis, which ultimately governs an individual's cancer susceptibility and dictates dietary recommendations [31, 32] .
Methylation
Changes in DNA methylation patterns in the promoter region of genes either in the form of hypomethylation or hypermethylation have profound effects on gene expression associated with apoptosis in numerous types of cancer. In fact, cancer cells routinely display dysregulated apoptosis presumably to evade programmed cell death [33] . Hypermethylation typically down regulates gene expression associated with the cell cycle, DNA repair, growth signaling, angiogenesis, and apoptosis [34] . This is supported by observations that DNA methylation inhibitors such as azacitidine and decitabine can induce functional re-expression of aberrantly silenced genes in cancer, causing growth arrest and apoptosis in tumor cells [35] .
One of the most compelling examples of the link between diet and methylation is a study focusing on nutrients that donate methyl groups, i.e, folate and vitamin B12, provided in the diets of female mice during pregnancy [36] . Provision of these vitamins led to changes in chromatin methylation and gene expression where the former silenced the agouti gene. As a result, instead of giving birth to large yellow pups, which would be the normal results, the mouse dams delivered thin brown pups clearly demonstrating the in vivo impact and response to dietary bioactive agents. Moreover, this proves how subtle differences in nutrition can affect subsets of genes in the genome via methylation during embryonic development [37] . In other studies focusing on cancer, high levels of methylation at three molecular markers of cancer permitted the identification of normal samples from prostate cancer samples during early recurrence from those without recurrence. In a breast cancer study, 86% of women with low methylation levels at the transcription factor PITX2 were metastasis-free at 10 years compared to 67% of patients with high methylation levels [30] . In a human study, thirty-eight patients with premalignant gastric lesions were given folic acid three times per day [38] . Both the epithelial apoptosis rate and the p53 tumor suppressor expression in gastric mucosa significantly increased after folic acid treatment when compared to controls. It is noteworthy that loss of genomic methylation can cause p53-dependent apoptosis [39] . Hypermethylation also affects expression of DAPK and APAF-1, which are directly linked to apoptosis and the cancer process and, as a result, are promising therapeutic targets [40] [41] [42] . Clearly, bioactive nutrients involved with methylation, such as folate and B12, exerted epigenetic effects in processes linked to cancer and apoptosis. Moreover, vitamin B6, riboflavin, and zinc are coenzymes and cofactors, respectively, at different stages of the process making them also bioactive agents in methylation and resultant gene expression changes. Many other individual dietary components can influence DNA methylation including zinc, polyphenols, alcohol, coumestrol, and vitamin A as examples [6, 43] .
Numerous plant-derived, non-nutritive components can also exhibit epigenetic effects. For example, epigallocatechin gallate (EGCG), the major polyphenol in green tea, can inhibit DNMT activity and reactivate methylation-silenced genes in cancer cells (Fig. 1) . Treatment of human esophageal cancer cells with EGCG for as little as 12 hours caused a concentration-and time-dependent reversal of hypermethylation of the tumor suppressor p16(INK4a), retinoic acid receptor beta (RARbeta), and O(6)-methylguanine methyltransferase (MGMT) genes. This occurred in conjunction with changes in mRNA expression. Furthermore, reactivation of methylation-silenced genes by EGCG was also demonstrated in human colon cancer HT-29 cells, esophageal cancer KYSE 150 cells, and prostate cancer PC3 cells. In other studies, tea polyphenols including catechin, epicatechin, and EGCG and bioflavonoids including quercetin, fisetin, and myricetin also inhibited DNMT-and DNMT1-mediated DNA methylation in a concentration-dependent manner with EGCG exhibiting the highest potency [5] . EGCG has also been shown to protect against photocarcinogenesis in a SKH-1 hairless mouse model by significantly inhibiting UVB-induced global DNA hypomethylation [44] . The dietary polyphenol epicatechin inhibited noncompetitive methylation of DNMT by increasing the formation of S-adenosyl-L-homocysteine (SAH) but the effect of EGCG was largely due to direct inhibition of the DNMTs, which has been supported by computational modeling. Data show that the polyphenol monomer gallic acid, a building block of EGCG, inhibited DNMT by its high affinity interaction with the enzymatic catalytic site [5] .
Dietary bioactive agents that exert epigenetic effects, i.e., alter DNA methylation, have been shown to induce apoptosis. For instance, EGCG inhibits cell growth and induces apoptosis in a variety of cancer cell lines including the human prostate DU145 (androgen insensitive) and LNCaP (androgen sensitive) cell lines [45] [46] [47] . Experimental studies reveal that other dietary components including isoflavones, indole-3-carbinol (I3C), 3,3'-diindolylmethane (DIM), curcumin, EGCG, and apigenin modulate cell signaling pathways, i.e., NF-kB, Akt, MAPK, and p53, activate apoptosis signals, and induce programmed cell death in precancerous or cancer cells, resulting in the inhibition of carcinogenesis [48] . Several isothiocyanates, including phenethyl isothiocyanate (PEITC), found naturally in cruciferous vegetables, induce growth arrest and apoptosis in prostate cancer cells in culture and when tested as orthotopic xenografts. PEITC also inhibited the activity and level of histone deacetylases (HDACs), and induced histone acetylation and methylation necessary for chromatin unfolding in prostate cells. PEITC also demethylated the promoter region of genes and restored the unmethylated, silenced glutathione-S-transferase (GSTP1) in both androgen-dependent and androgen-independent LNCaP cancer cells. The capacity of a dietary bioactive agent such as PEITC to affect both DNA and chromatin coupled with the capacity to induce apoptosis suggests extensive connectivity among many different epigenetic mechanisms offering novel strategies in cancer chemoprevention.
The results with EGCG, PEITC, and other plant-derived polyphenols discussed above demonstrate for the first time that DNA methylation can be modulated by commonly consumed dietary constituents. Furthermore, these same dietary components activate apoptosis in cancer cells. Collectively, these data support the potential of dietary bioactive agents to influence apoptosis through epigenetic mechanisms with a resultant impact on an individual's risk for cancer.
Histone Modifications
Several modifications of histones have been reported to have epigenetic effects associated with apoptosis, and all are likely to depend on diet (Fig. 1) . For example, biotin modulates the expression of more than 2000 genes in human cells and biotinylation of histones contributes to gene silencing, cell proliferation, apoptosis, and plays a role in the cellular response to DNA damage [49, 51, 52] . It has been demonstrated that biotin contributes to post-translational modification of histones and that biotinidase has the requisite catalytic activity to mediate attachment of biotin covalently to histones [50] . Others have specifically shown that biotinylated species of histone H4 may be involved in the formation of heterochromatin structures and in gene silencing, which can likely affect apoptosis-associated genes and ultimately protein products [49] . The amino acid tryptophan, the vitamin niacin, and PARP contribute to modification of histones and are critical events in gene expression. PARP of histones and DNAbinding proteins play a key role in DNA repair, recombination, genomic stability, and apoptosis [51] . Tryptophan and niacin are converted to NAD, which is a substrate for PARP in the modification of histones and other DNA-binding proteins. As a result, it is not surprising that PARP of proteins correlates with the dietary niacin supply in mammals and that provision of nutrients reasonably above the minimal daily requirement, but not excessive, can exert additional protective effects.
Histone deacetylation is now thought to be a pre-requisite for DNA methylation and is associated with gene silencing in human cancer genes, i.e., p21 and Bax. In fact, genes silenced through DNA promoter methylation often display low histone acetylation suggesting co-regulatory mechanisms in gene silencing [52] . Moreover, apoptosis is associated with global DNA hypomethylation and histone deacetylation events in leukemia linking the processes. Several HDAC inhibitors, which can restore apoptosis, are in clinical trials with significant activity against a spectrum of both hematological and solid tumors at doses that are well tolerated by patients [53] . For example, valproic acid, a chemical compound in clinical use, inhibits the enzyme that adds acetyl groups to histone proteins and increases the effectiveness of radiation therapy, i.e., induction of apoptosis, for certain brain tumors. The dietary agent sodium butyrate, a potent histone deacetylase inhibitor, has been shown to induce gene expression and apoptosis in MCF-7 cells, a breast cancer cell line that lacks caspase-3 activity. The results also showed decreased glutathione levels after butyrate suggesting the pro-apoptotic effects are associated with oxidative stress and HDAC inhibition [54] . In a second study, co-administration of sodium butyrate, suberoylanilide hydroxamic acid (SAHA), or trichostatin with perifosine synergistically increased oxidative stress and induced apoptosis in U937 human monocytic cancer cells, as well as HL-60 and Jurkat leukemia cells suggesting an efficacious combinatorial anti-leukemic strategy [55] . Regardless of mechanism, HDAC inhibitors appear capable of reactivating genes that have become inappropriately silenced whose normal function is to suppress tumor growth.
Dietary factors may beneficially correct in cancer cells the imbalance between histone acetyltransferase (HAT) and HDAC activities because cancer cells appear to be more sensitive than nontransformed cells to HDAC inhibitors [56] . Three dietary agents have been shown to exhibit HDAC inhibitory activity using in vitro and in vivo models and include butyrate, diallyl disulfide (DADS), and sulforaphane (SFN). DADS is found in garlic and sulforaphane is an isothiocyanate (ITC) found in cruciferous vegetables such as broccoli and broccoli sprouts. SFN induces cell cycle arrest and apoptosis in cancer cells, inhibits tubulin polymerization, activates checkpoint 2 kinase, and inhibits HDAC activity [57] . ITCs have also been shown to induce apoptotic cell death via both p53-dependent and independent pathways [58] . The latter findings suggest that SFN may be effective during the post-initiation stages of carcinogenesis, as a suppressing agent [56, 59] .
Hyperacetylation of histone proteins can also occur with altered transcription patterns that ultimately induce apoptosis. This suggests chromatin modification can occur in the absence of DNA damage although key DNA damage signaling proteins are activated and apoptosis triggered [60] . More research is needed to further elucidate the process of excessive acetylation.
APOPTOSIS AND NUTRITIONAL TRANSCRIPTOMICS
The transcriptome is the set of all mRNA molecules, or transcripts, in a single cell or in a population of cells and can vary greatly with external environmental conditions such as dietary exposure. In essence, the transcriptome provides a snapshot of the genes that are actively expressed at any given time and can be targeted to specific processes. For instance, more than 100 genes have been identified as being differentially expressed during apoptosis [61] . Dietary phenolic compounds including ellagic acid and resveratrol have been shown to modulate more than 550 genes involved in cellular proliferation and apoptosis in hormone-dependent human prostate cells after incubation for 48 hours [62] . Apoptosis and cancer pathway-specific mini-microarrays have been used to screen for differentially expressed genes in four human colon adenocarcinoma cell lines in response to folate deficiency. The expression of the seven most notably and consistently affected genes were confirmed by real time RT-PCR supporting that folate deficiency affects the expression of key genes related to apoptosis.
The idea that diet can affect gene expression is generally wellaccepted, but the diverse tissue and organ-specific effects of bioactive dietary agents on gene expression patterns in the context of diet, genomics, and health is less clear [63] . When one considers the temporal aspect of gene expression, the complexity increases significantly [64] . There is evidence that dietary consumption of fruits and vegetables protects against cancer. In studies with mice, animals were fed vegetables in their diets and the effects on gene expression in the colonic mucosa were measured. Results indicated that 39 genes exhibited significant, dose-related modulation. For 15 genes, this could explain reduced cancer risk from vegetable consumption [65] . Gene expression changes in the lungs of mice fed different vegetables showed that individual vegetables had a higher potential for modulating anti-carcinogenic genes associated with apoptosis in favor of lung cancer prevention [65] . After energy restriction, rats prone to mammary carcinogenesis differentially expressed Bcl-2, CARD, and IAP functional gene groupings, as revealed by microarray analysis, directly involved in apoptosis [66] . Moreover, the activities of caspases and mitochondrial proteins associated with inhibition of apoptosis were down regulated. In a study of prostate cancer, dietary soy was provided in a SCID-human model and gene expression analyzed. In animals fed soy, gene expression of multiple genes involved in apoptosis were altered both in vitro and in vivo [67] . In a compelling human study, men that were either native Japanese or Japanese American were divided into low fat-high soy or high fat-low soy groupings. After radical prostatectomies, tissues from normal and neoplastic tissue were analyzed by microarray analysis to determine expression of numerous tissue biomarkers, i.e., Bcl-2 and caspase-3, for apoptosis. Normal prostate tissue could be differentiated from cancerous tissue and genes associated with caspases and 5-lipoxygenases were expressed more in native Japanese than Japanese-Americans [68] . Similar results have been found in other studies of hepatocellular carcinomas in rats. Rats were fed choline-deficient diets and gene expression was profiled. A total of 146 genes were differentially expressed including those in apoptosis [69] . I3C and its metabolite DIM from cruciferous vegetables also induce programmed cell death and regulate many genes associated with apoptosis. Moreover, the compounds inhibited the binding of transcription factors that inhibit apoptosis suggesting combinatorial control on cis regulatory elements are critical in modulating co-expression of genes [70, 71] .
Transcription factor expression may be altered by dietary bioactive components and the process of transcription prevented. For example, activation of NF-kB promotes survival and cellular proliferation and down regulation sensitizes cells to apoptosis. Sulforaphane, PEITC, curcumin, green tea, 6-gingerol, resveratrol and soy can strongly inhibit NF-kB activation and, as a result, enhance pro-apoptotic signals in numerous models of cancer including prostate cells [19, 72] . Experimental data indicate that genistein, I3C, curcumin, EGCG, and apigenin also inhibit NF-kB activation and DNA binding in different cell lines derived from cancer tissues [67] . Genistein inhibits NF-kB activation via phosphorylation of IkB, and prevents the translocation of NF-kB subunits to the nucleus in epithelial and myeloid cells possibly through inhibition of MEKK1 kinase activity [67] . Curcumin and resveratrol have been shown to inhibit IKK, alter AP-1 activity, inhibit nuclear translocation, and suppress constitutive and inducible NF-kB activation. EGCG, apigenin, and curcumin significantly inhibit, in a time and dose-dependent manner, activation and translocation of NF-kB to the nucleus by suppressing the degradation or phosphorylation of IkB [73] . EGCG can concurrently stabilize p53 and negatively alter the ratio of Bax/Bcl-2 proteins inducing apoptosis. p53 is a sequence specific transcription factor that mediates apoptosis and is the most frequently mutated in human cancer [76, 77] . p53 has also been demonstrated to exhibit a direct apoptogenic role at the mitochondria where it translocates and interacts with BclxL and Bcl-2 proteins to induce mitochondrial permeabilization [74] . EGCG dose-dependently increases p53 expression in prostate cells with wild type p53 but not DU145 prostate cells with mutant p53 [75] . Resveratrol, a polyphenol in grapes, also stabilizes and activates p53 [78] . The AP-1 transcription factor is oncogenic and antagonizes apoptosis in neoplasia. Numerous dietary components such as polyphenols inhibit AP-1 activation, as well as other anti-apoptotic transcription factors. Dietary components such as resveratrol, curcumin, and green tea can inhibit AP-1 and NF-kB activation, as well as other anti-apoptotic transcription factors [79] [80] [81] .
APOPTOSIS AND PROTEOMICS
Compelling evidence suggests that dietary bioactive agents may trigger apoptosis through numerous molecular protein targets (Fig. 1) . For example, dietary bioactive agents can alter mitochondrial membrane function, disrupt the mitochondrial transition pore (MTP), and/or dissipate the mitochondrial membrane potential (MMP) through enhanced release and activation of an array of proteins, which induce apoptosis. For example, curcumin found in turmeric and capsaicin found in chili peppers can open the MTP, induce mitochondrial swelling, and collapse the MMP leading to induction of apoptosis [52, 73, 82] . Flavonoids such as baicilin and botanical agents such as nordihydroguaiaretic acid induce apoptosis in various cancer cells through increased cytochrome c release and disruption of MMP [73, 82, 83] . EGCG, resveratrol, and carotenoids depolarize mitochondria in numerous human cell lines including prostate, melanoma, and lung cells, induce cytochrome c release and induce apoptosis. In metastatic mouse mammary carcinoma cells, these components can alter Bcl-2/Bax protein ratios, increase Apaf1 formation, and cleave caspase and PARP proteins [82, [84] [85] [86] [87] . Flavonoid-rich grape seed extract can also induce apoptosis in human prostate cells by increasing cytochrome c release and PARP cleavage [88] . Collectively, numerous diverse dietary bioactive agents can induce apoptosis by altering mitochondrial physiology.
Bioactive components can regulate intracellular location of proapoptotic proteins (Bcl-2, Bcl-xL) or anti-apoptotic proteins (Bax and Bak) from the mitochondria. In breast, prostate, and other human cell lines, I3C, DIM, curcumin, and genistein alter the ratio of the antiapoptotic proteins Bcl-2 and Bcl-xL and the pro-apoptotic protein Bax causing apoptosis [20, 63, 89, 90] Sulforaphane, an ITC, increases expression of Bax. The polyphenol resveratrol decreases Bcl-2 and Bcl-xL levels and increases Bax levels [24, 91] . Others have shown that genistein can increase phosphorylation of Bcl-2, upregulate pro-apoptotic Bax, and downregulate Bcl-2 altering programmed cell death by modulating Bax homodimerization [92] . DAS and DADS, found in garlic, increase Bax expression, DADS reduces Bcl-xL expression, and DAS, S-allyl cysteine (SAC), and ajoene can decrease Bcl-2 expression [93] . Collectively, numerous diverse dietary bioactive agents can induce apoptosis by modulating the Bcl-2 family of proteins making these critical intracellular targets.
Bcl-2 proteins may also be inhibited by other proteins with similar Birc (baculoviral inhibitor of apoptosis repeat-containing) gene homology domains. Plant-derived naphthoquinones and diterpenes, found in citrus peel, upregulate Bid, respectively, in human kidney, brain tumor, and prostate cancer cells [94, 95] . Bcl-2 interacting protein (t-BID), links the intrinsic and extrinsic apoptotic pathways [14] .
Dietary components can induce apoptosis through activation of caspase proteins. Resveratrol increases caspase activity (6, 3, and 9) in numerous models including normal and hematopoietic cells [96, 97] . ITCs significantly induce apoptosis in cultured human and animal cell lines as well as animal tissues and cancer cell xenografts through stimulation of caspase 3-like activity and degradation of PARP [78, 98] . ITC also activates caspases in multiple pathways including caspase 9 (mitochondria), caspase-8 (death receptor) and caspase 12 (endoplasmic reticulum) in association with activation of caspase 3 [98] . I3C, ajoene, and DAS upregulate Bax, induce the release of cytochrome c, and activate caspases 3 and 9 in human breast cancer cells, human colon cells, and murine melanoma cells [79] [80] [81] 90] . Furthermore, the I3Cs induce apoptosis by down regulation of Bcl-2, Bcl-xL, IAP, XIAP, and FLIP [90] .
The reduction of growth factor-induced cellular signaling permits, in many cases, the initiation of apoptotic cascades employing large numbers of proteins (Fig. 1) . Dietary polyphenols can down regulate phosphorylation and ligand binding of growth factor receptors, which are essential for evasion of apoptosis [99] . Resveratrol, curcumin, polyphenols, and catechins can also inhibit growth factor signaling pathways [72, 100] . In fact, the TNF family member Apo2L/TRAIL receptor has received considerable recent attention as a therapeutic target since many cancer cells appear sensitive to Apo2L/TRAIL-induced apoptosis [69, 86, 101] . EGCG, a polyphenol in tea, directly blocks EGF binding to its receptor and interrupts signaling. Resveratrol has been shown to trigger CD95 signaling-dependent apoptosis in human tumor cells [102] . Dietary diterpenoids induce apoptosis in human prostate cells by upregulation of Fas ligand [95] . The polyphenols curcumin, EGCG, and resveratrol downregulate protein phosphorylation, inhibit the MAPK pathway, and prevent ligand binding of growth factor receptors including EGF, FGF, and PDGF [103] . Moreover, resveratrol promotes protein interaction between p53, ERK, and p38 kinase, through phosphorylation, stabilization, and activation of p53 in epidermal cells [78] . In cells with mutated oncogenic Ha-ras, green and black tea polyphenols potently inhibited ERK phosphorylation and AP-1 activity [104] . ITCs increase activity of JNK, MAPK, ERK, and p38 kinase in HT29, HL-60 cells and PC3 cells and human head and neck squamous cell carcinoma lines [98] . When considering garlic compounds, DADS induces JNK1, S-allylmercaptocysteine induces JNK1 activation and JNK activity, and ajoene activates MAPK (JNK, p38, ERK1/2) in different cell types [93] . I3C inhibits signaling through protein kinase B (PKB) and binding of NF-kB to DNA [105] .
During apoptosis, a large number of proteins involved in signal transduction are post-translationally modified as alluded to above. In classical proteomics, the protein separation by two dimensional gel electrophoresis and protein identification by mass spectrometry provides a rapid and high resolution composite enabling elucidation of >100 proteins that are altered during apoptosis [106] . Moreover, the use of standard apoptosis assays with proteomics and computer simulation has revealed differential expression of 61 apoptosis-related genes in cells treated with toxin [107] . In other cell systems, more than 383 proteins have been shown to be significantly modulated with increased expression of ~35 and reduced expression of ~30 compared to controls [19] . Applied SELDI and FT-ICR technologies have been used in proteomics to analyze tumor and non-tumor samples resected from the liver of fish. This methodology permitted identification of protein and metabolite profiles that were specific to liver tumors [108] . This technology has been extended to humans where differential protein expression in the early stages of human colon cancer has shown in tumor tissue that mitochondrial apoptosis (intrinsic pathway) was occurring [109] . The low molecular weight range of the circulatory proteome contains tremendous information and proteomics allows collection of functional data of protein degradation, modification, translocation, and synthesis all of which are important in an individual's response to diet [77] .
The complex interaction of dietary bioactive agents with the proteome can probably be best illustrated with I3C. Biologically, I3C is converted to an array of oligomeric products with DIM being a major component and is considered responsible for its in vivo biological effects. In cells, I3C induces apoptosis in various tumor cells including breast cancer, prostate cancer, endometrial cancer, colon cancer, and leukemic cells. Mechanistically, I3C-induced apoptosis involves downregulation of anti-apoptotic gene products including Bcl-2, Bcl-xL, survivin, IAP, X chromosome-linked IAP (XIAP), and FADD protein-like interleukin-1-beta-converting enzyme inhibitory protein (FLIP) and upregulation of the proapoptotic Bax protein. Moreover, I3C also induces release of mitochondrial cytochrome C protein and activates caspase-9 and caspase-3 proteins. It is indeed intriguing that a single dietary component can affect multiple molecular targets within the process of apoptosis.
APOPTOSIS AND METABOLOMICS
Metabolomics can be defined as the dose and temporal changes in cellular small molecular weight compounds in response to diet [6] . The metabolic response will depend on the quantity and timing of exposure to bioactive food components. Metabolomic analysis can also serve as a powerful tool to localize and identify critical enzymatic steps that regulate metabolic systems as a whole [110] . Although the technology is in the early stages, research is progressing in other systems with emerging application to nutrition. For example, metabolomic analysis of sulfur-containing amino acids in testes of rats exposed to cadmium revealed marked alterations in metabolism with elevated amounts of methionine and cysteine noted concurrently and a decrease in the ratio of SAH to SAM. This collectively suggests enhancement of the remethylation cycle and increased methyl formation, both of which are instrumental in epigenetic events and associate to an extent with apoptosis [110] . In a study of humans exposed to benzene, proteomics analysis show that several proteins are altered in the serum of exposed subjects, which were associated with apoptosis and immune function [61] . Metabolite levels in plasma and urine were analyzed in relation to changes in hepatic gene expression in rats that received bromobenzene, and altered levels of genes and metabolites were associated with the degree of necrosis and linked to apoptosis, glycolysis, and amino acid metabolites [111] . Colon cancer samples from humans were compared to normal tissue and metabolic pathways analyzed. The results revealed that mitochondrial apoptosis, viz., intrinsic pathway, was being induced as noted by biochemical pathway-specific markers [109] . In a study of rat glioma, apoptosis was induced with changes in pro-apoptotic Bcl-2, Bak-1, caspase 9 and FAS after 0, 4, and 8 days of treatment documenting clearly metabolic perturbations in tumors [112] . Collectively, metabolomics is beginning to contribute greatly to the elucidation of perturbations in biological systems and is paving the way for the study of the effects of bioactive dietary components in whole body systems.
The primary pro-apoptotic signaling events induced by dietary bioactive agents share many commonalities. However, differences have been noted regarding the temporal occurrence and duration of some events emphasizing them as important considerations. For instance, both ITCs and polyphenols induce JNK transcription factor activation and ultimately induce apoptosis as shown by altered mitochondrial potential, induced cytochrome c release, and activated caspases. PEITC induces effects up to 4 hours, whereas EGCG produces identical effects only after 12 hours suggesting a temporal difference in susceptibility to changes [19] . The sustained exposure to some dietary agents may prolong activation of transcription factors and ultimately interfere with trophic growth factor signaling, which can lead to apoptosis. Thus, the duration of a signal appears important in determining the biological outcome.
The identification and tracking of specific metabolites and interaction of components of a pathway is an emerging discipline that requires more focus and research as technologies develop. It appears that numerous molecular targets exist in vivo and collectively converge on several signaling pathways. This affords the possibility of determining one's response to diet and use of combinatorial therapy with dietary agents to affect numerous targets that lead coordinately to the induction of apoptosis.
APOPTOSIS, TRANSCRIPTOMICS, PROTEOMICS, AND METABOLOMICS CAN SHED LIGHT ON MOLECULAR MECHANISMS AND DIETARY INFLUENCES
Accumulating evidence clearly demonstrates that apoptosis possesses numerous molecular targets for dietary bioactive agents supporting a role in the chemoprevention of cancer. Apoptosis, however, is a complex process comprised of intrinsic and extrinsic pathways of programmed cell death, with numerous specific targets within each arm. Biological systems are extremely complex and exhibit properties that extend far beyond the observations associated with the independent systems. This is further complicated by the temporal nature of many of these effects. As a result, it is critical to evaluate the entire biological system from the nutrigenomics perspective. It is encouraging that single bioactive dietary agents such as EGCG or I3C have been shown to directly and indirectly influence most, if not all, of the myriad targets within apoptosis including genes, transcripts, proteins, and metabolites. Thus, critical evaluation is essential for DNA polymorphisms or SNPs of a gene, expression of that specific gene, expression of specific processed mRNA (alternative splicing), protein production from that mRNA, posttranslational modification of the resultant protein, and formation of respective metabolites. Evolution of the fields of nutrigenetics, epigenomics, transcriptomics, proteomics, and metabolomics has begun to permit this approach so that a comprehensive picture emerges from not only a cell but tissues and whole organisms [112] . Studies such as these can be used to study an individual's response to diet and better define the effects on molecular events associated with cancer. Specifically, the modulation of apoptosis, a critical event in cancer, through diet can be beneficially and selectively induced as an efficacious, effective means of chemoprevention.
